We investigate the emergence of spatial and temporal coherence for the fields in the noncritical nondegenerate parametric second-order down-conversion process pumped with low spatial and temporal coherence beams. It is shown that in this scenario, which is of considerable practical importance, the parametric gain in the near field breaks down into an ensemble of mutually incoherent beamlets containing parametric waves. The field generated in a single beamlet is fully spatially coherent. The size of such coherent parametric gain regions is governed by the near-field spatial coherence radius of the pump, which also acts as a parameter, restraining the linear diffraction of the parametric waves generated in the nonlinear interaction. Furthermore, we experimentally demonstrate how the spatial and temporal coherence can be substantially enhanced by manipulating the spatial field correlation of the multilongitudinal and multi-transversal mode pump.
Introduction
High-power and high-energy optical parametric devices such as optical parametric generators (OPGs), optical parametric oscillators (OPOs) and optical parametric amplifiers (OPAs) are, in many cases, pumped by highly multi-transversal mode Q-switched solid-state lasers. The most compelling reasons for using these pump lasers is their simplicity, efficiency, reliability and low cost. Although the output beams derived from such lasers are essentially non-diffraction-limited, showing large M 2 values, the intensity distribution can approach a supergaussian or top-hat profile, which is thought to facilitate a more efficient pumping of parametric devices with high power conversion rates [1, 2] . As high nonlinearity optical materials, such as periodically poled LiNbO 3 (PPLN) and KTiOPO 4 (PPKTP), are becoming available with large optical aperture sizes [3] [4] [5] [6] , these highpower and large-M 2 beams can be employed for the output power scaling in nanosecond OPOs and OPAs.
It is well known that in nonlinear three-wave mixing (TWM) interactions the spatial and temporal degrees of freedom are closely coupled owing to the dispersive nature of the wavevectors of interacting fields k j (ω) and the essentially vectorial nature of the interaction. Here j = p, s, i denotes the pump, signal and idler waves, respectively. A typical ensemble-averaged observation in quantum-noise-seeded OPGs and OPOs is that the spatial mode divergence (proportional to the Fourier transform of the spatial first-order correlation) as well as the width of the intensity spectrum (proportional to the Fourier transform of the temporal first-order correlation) is monotonously increasing as the pump power is increased. It should be reminded that from the standpoint of classical theory the parametric gain is
) . As the nonlinear coupling Γ, proportional to the pump power, is increased, the gain will be exponentially expanding in spatial frequency as well as in temporal frequency ω. Here, Δk = k p (ω) -k s (ω, θ s ) -k i (ω, θ i ), where θ s and θ i are the angles of the signal and the idler with respect to the pump, represents the vectorial phase mismatch which is responsible for the spatial-temporal coupling in TWM processes. The deterioration of the spatial and temporal coherence of the parametric waves is further exacerbated by pumping with partially coherent multi-longitudinal and multi-transversal mode beams [7] , which have wavevectors k p (δω, δθ) randomly distributed around the central frequency and the axial propagation direction. Such beams are typically produced by nanosecond high-energy Q-switched lasers.
The parametric gain is sensitive to the phases of interacting optical waves. The total phase of the interaction remains fixed, φ p -φ s -φ i = -π/2, modulo 2π. However, the phase difference between the pump and the signal (or the idler) seeded by the quantum and thermal noise can drift without bounds [8] . Note that the phases of the signal and the idler under these restrictions can simultaneously change by π, which influences the state of the OPO self-locked at degeneracy [9] . Nonlinear, power-dependent phase jumps can also be produced by a cascaded TWM in parametric devices operating at high conversion efficiencies, which might result in further decrease in the temporal and spatial coherence of parametric beams [10] . In unseeded TWM the first parametric amplification step starts from the delta-correlated quantum noise, therefore some randomness is expected in the macroscopic parameters of the parametric device. Indeed, in the initial linearized quantum-optical theoretical treatments of OPA it was found that the output of the device can be broken down into an amplified coherent signal, zero-point fluctuations and amplified spontaneous and thermal emission, the latter mostly contributing to the bandwidth of the OPA, very similar to that in lasers [11, 12] . By developing a quantum-mechanical linearized OPA model, employing the Wigner quasi-probability distribution, Mollow and Glauber revealed increasingly strong signal-idler correlations during the ongoing process of parametric amplification [13] . Such correlations result in coherent state squeezing observed in TWM devices [14] . Augmenting the TWM quantum-mechanical model with the pump system revealed a crucial role played by the phase fluctuations of the pump [15] and triple correlations, i.e. correlations between the pump, signal and idler in the evolution of the quantummechanical Wigner function in OPAs and OPOs, even in nondegenerate TWM, i.e. when the signal and idler frequencies are different [16] .
In some instances, however, the process of coherence loss can be mitigated, at least for one of the interacting waves. For instance, temporal coherence can be increased even for low-coherence pumping by convective separation of one of the waves in a strongly group-velocity-mismatched TWM [17] . The extreme convection is obtained in backward-wave parametric interactions where the backward-generated wave can acquire temporal coherence much higher than that of the pump [18] [19] [20] . Moreover, it was shown experimentally that the spatial coherence of the signal in a short-cavity (a large Fresnel number) singly-resonant OPO (SRO) can be drastically improved by employing pumping with Bessel-Gauss beams [21, 22] . The latter observation seems to indicate that the abovementioned spatial-temporal coupling inherent to the parametric process can be tailored.
Prompted by these observations, we experimentally investigated the emergence of the coherence properties in nondegenerate OPGs and OPOs pumped by multi-longitudinal and multitransversal mode beams. In particular, we show that in the near field the parametric beams consist of a seemingly stochastic distribution of perfectly spatially coherent beamlets propagating in slightly different directions and having different central frequencies. The spatial and spectral properties of these beamlets are primarily determined by the spatial and temporal correlations of the pump field, as well as the group-velocity mismatch between the interacting waves. The far field then consists of a largely incoherent summation of the radiation from these beamlets. Given this physical picture, it is clear that the usual classical nonlinear coupled wave equations for the field amplitudes cannot give a direct insight into the parametric generation process. As a simplest model which can give the necessary understanding, we introduce here nonlinear coupled equations for the first-order correlation functions, which by necessity contain triple correlations. Unfortunately, a quantum-mechanical model with sufficient complexity to reproduce the experimental observations does not exist today, to the best of our knowledge. It would be interesting to develop such theory, considering that the behaviour of triple correlations has been proposed as a Yes/No test of quantum mechanics with respect to stochastic electrodynamics, and other hidden variable theories [16] . Finally, based on the insights gleaned from the above experiments, we demonstrate that manipulation of the spatial correlation properties of the pump beam can be used for generating diffraction-limited parametric beams, even in a simple OPG, without any help by a resonant cavity for selecting the transversal modes.
This paper is organized as follows: we first present the experimental evidence of the gain channel breakdown into beamlets in the OPG pumped by a multimode beam and discuss the physical mechanism behind this phenomenon. Then we will elucidate our theory by experimental investigation of the coherence properties of the near and far fields generated in the multimode OPG and OPO. Finally, the experimental demonstration is given of how the spatial coherence properties of parametric beams can be controlled by manipulating the spatial correlations of the pump field, including pumping with Bessel-Gauss beams.
Coherence properties of multimode-pumped OPG

Experiment
Before proceeding with investigation of the farfield properties of the parametric beams generated with multi-transversal and multi-longitudinal mode pumping, we first investigated the nearfield properties in a traveling-wave nanosecond OPG. The near field of the OPG reflects the structure of the parametric gain channel, which eventually defines the far-field coherence properties and the brightness of the parametric beam. In an OPO, the parametric superfluorescence is recycled in the cavity and acts as a seed for subsequent roundtrips. So the statistical properties of the OPO-generated field will stem from those in OPG with an additional spatial and temporal integration within the cavity. In order to generate the substantial parametric superfluorescence using nanosecond pulses under relatively loose focusing conditions, we employed a 12 mm-long PPKTP crystal. The PPKTP had a domain inversion period of 12.77 µm and was designed for generation of a signal around 650 nm at room temperature, when pumped by a frequency doubled Nd:YAG laser at 532 nm. The corresponding idler wavelengths were around 2.93 µm. The PPKTP crystal was fabricated from a flux-grown KTP wafer by using the standard electric-field poling technique [23] . The pump was an actively Q-switched, flashlamp pumped Nd:YAG laser (New Wave Research Minilase I) which, when frequency doubled, generated 5 ns pulses with energy up to 15 mJ. The laser output beam was far from diffraction-limited with a measured M 2 of about 7. The pump beam was loosely focused with an f = 500 mm lens to the FWHM radius w = 113 µm in the PPKTP crystal, corresponding to a confocal length of about 22 mm in PPKTP.
The near field formed by the parametric signal and the pump were analysed for each shot by imaging the output plane of the PPKTP crystal onto the plane of a high-frame-rate CCD camera (DALSA-CA-D1). The imaging lens (f = 100 mm) was placed 113 mm from the PPKTP exit surface, which resulted in a magnification of 7.45. The pump intensity distribution in the focus is shown in Fig. 1 . The beam in the focus is clearly non-Gaussian and astigmatic, due to the properties of thermal lensing in the pump laser cavity. In the far field, on the other hand, the pump intensity distribution could be fit to the Gaussian with 95% confidence. The intensity distribution in the near field contains characteristic non-uniformities, as could be seen in Fig. 1 . The mean FWHM nonuniformity diameter of 40 µm (standard deviation of 8 µm) has been obtained by processing 100 independent CCD frames corresponding to different pump pulses. The mean amplitude of the relative pump spatial intensity variation in the ripples was 0.18 (standard deviation 0.08). Although the mode structure of the near-field pump is not well developed as is common in actively Q-switched lasers with short cavity lifetimes, we can infer the highest Hermite-Gauss mode from the measured average spatial intensity variation period L = 40 µm. Thereby we can estimate the maximum number of spatial modes required in the modal expansion as n = 4a/Λ ≈ 11, where a is the beam radius [24] .
Due to the phase-sensitive nature of the parametric interaction it is important to investigate the coherence properties of the pump beam. We measured the spatial and temporal coherence of the pump in the focal plane by imaging it through a Michelson interferometer with image flipping. The schematic of this experimental arrangement is shown in Fig. 2 . In this setup, the waist of the pump was imaged by a f = 100 mm lens and through the Michelson interferometer, which had a single mirror in one arm, M1, while the two mirrors, M2 and M3, in the other arm provided one additional reflection resulting in an image flipping. The beams from the interferometer arms were superimposed in the plane of the CCD matrix, at a small angle, such that the size of the interferometric fringes could be readily resolved. The mirror M1 was mounted on the translation stage, allowing time-domain coherence measurements. A typical CCD image of the pump at zero time delay between the interferometer arms is shown in Fig. 3 . The spatial coherence can be characterized by using the spatial distribution of the interferometric fringe visibility function
evaluated at the position r N of the Nth fringe. Here I max and I min are the maximum and minimum intensities in the fringe, respectfully. Generally, the visibility function is proportional to the degree of coherence, defined as
where E 1 (I 1 ) and E 2 (I 2 ) are the electric fields (intensities) of the interfering beams, and the brackets signify the ensemble average. The visibility function measured in our setup,
will give the degree of the first-order coherence along the direction of image flipping. For the radially symmetric beams in our case, this measurement is sufficient to reveal spatial and temporal coherence properties. The measured FWHM spatial coherence radius of the pump beam in the focal plane (hereafter we denote it as the near field) was only about 10% of the pump waist radius. The evolution of the pump visibility function with time delay is shown in Fig. 4 . This data shows the pump FWHM temporal coherence of τ pc = 15 ps. This coherence time would correspond to the pump frequency bandwidth of about 30 GHz assuming a Gaussian process, which is a typical bandwidth for high-power Q-switched Nd:YAG lasers without seeding or longitudinal mode selection. The optical parametric generation in PPKTP reached a measurable threshold (about 1 µJ of the signal energy) at pump energy of around 300 µJ. At pump energy of 405 µJ, the far-field divergence of the OPG signal was about 15 mrad, or almost 10-times the diffraction-limited one if we assume that the parametric signal beam waist has the same radius as the pump (113 µm). The corresponding far-field signal intensity distribution, shown in Fig. 5(a) , was rather smooth with few irregularities. However, the signal near-field intensity distribution, shown for different pump intensities in Fig. 5(b-d) , had a very different character. First, the signal near field is composed of beamlets, or parametric gain channels, with the average FWHM radius as small as 7.5 µm (1/e 2 radius of 12.7 µm determined with a standard deviation of ±1.8 µm). Those gain channels were apparently stable within a single pulse but their positions changed randomly from pulse to pulse. Second, the size of the beamlets did not change appreciably with increasing pump power, only their total number increased, eventually, at higher pump powers, filling most of the pump aperture. Assuming that the signal waves in individual channels have perfect spatial coherence, the expected far-field divergence angle on the average would be 16.3 mrad (standard deviation 2.3 mrad). It corresponds, within the measurement uncertainty, to the experimental value of 15 mrad. In that respect one can say that the OPG beam is in fact "diffraction-limited" if we take into account that the diffraction is from individual small-radius beamlets. The assumption that the signal waves are perfectly spatially coherent within the gain channel but completely uncorrelated between different channels has been tested using the same imaging Michelson interferometer with image flipping as described above (see Fig. 2 ). The OPG near-field and far-field correlations are shown in Fig. 6 (a) and 6(b), respectively. As can be seen from the near-field image, perfect field correlations are observed only within a single gain channel. In the far field the correlations extend over a much larger area (Fig. 6(b) ) as a result of diffraction from narrow gain channels. These observations elucidate the assertion that the OPG signal in the far field is a sum of uncorrelated fields stemming from different beamlets, while the far-field divergence is essentially determined by the diffraction of fully spatially coherent fields from these individual gain channels. Due to the random pulse-to-pulse distribution of the gain channels, we could only measure the temporal correlation of the OPG signal far field. The measured FWHM of the temporal coherence of the signal was 2 ps, the corresponding frequency bandwidth of 220 GHz assuming the Gaussian process and the spectral bandwidth of 0.3 nm. This bandwidth is very close to the signal spectral bandwidth of 0.31 nm measured by the time-integrating spectrum analyzer (ANDO AQ-6315) (see Fig. 7(a) ). The theoretical parametric gain bandwidth at the pump intensity I p can be evaluated from Δλ s = 2λ s 2 (πc)
|γ si |, where L is the crystal length, l s is the signal central wavelength, 1/γ mj = 1/ν gm -1/ν gj gives the groupvelocity mismatch (GVM) and the derivatives are evaluated at the phase matching point [25] .
1/2 gives the OPG bandwidth dependence on the pump intensity. For the pump pulse energy of 300 µJ at the OPG threshold and the effective nonlinear coefficient, d eff = 10 pm/V, the above relation gives the OPG signal bandwidth of 0.34 nm, fairly close to the experimentally measured value.
Due to the noncollinear interaction and slightly different propagation angles we should expect the central wavelength of each individual signal beamlet to be slightly different. For the same reason, the spectral width of the OPG signal is essentially related to the angle subtended in the nonlinear crystal by the ensemble of beamlets. In order to experimentally verify these assumptions, we used an imaging spectrometer to investigate the spectral properties of the separate signal beamlets. The spectrometer incorporated a 1200 lines/mm diffraction grating and had an arm length of 1 m. The near field of the signal was imaged onto the input slit (100 µm) of the spectrometer. The slit was used to select the signal beamlets in the central part of the pump beam. Single-shot spectra were recorded by a CCD camera synchronized with the pump laser. The dispersion of the spectrometer was calibrated by using a temperature-tuned OPO built around the same PPKTP crystal and found to be 0.67 nm/mm in the CCD plane for the second diffraction order, giving the nominal spectral resolution of about 0.05 nm. The examples of spectrally resolved signal near-field images generated with different pump pulses are shown in Fig. 7(b) . The single-shot spectrum typically consists of several peaks with the average spectral width of 0.1 nm, which are distributed over a range of up to 0.8 nm. By taking the spectral average over several CCD frames we obtained a FWHM spectral bandwidth of 0.27 nm. Averaging over a larger number of frames and over the full beam cross-section should give the spectral width equal to the measured spaceand-time-integrated signal bandwidth of 0.31 nm. This measurement clearly demonstrates that separate signal beamlets do indeed have different central wavelengths while the averaged spectrum sets the scale for the temporal coherence of the OPG signal in the far field.
From the standpoint of a simple understanding of the OPG process involving multimode pump beams, the generation would initially start in the local regions of higher pump intensity, and as the parametric amplification progresses, the spatial regions with lower signal intensity will eventually catch up due to higher parametric gain. This picture is reasonable and the only one possible without taking into account effects of spatial and temporal correlations. However, it does not explain why the gain channels observed in OPG have an excellent spatial coherence, why they in fact remain narrower than the spatial modulations in the pump beam and seem to defy diffraction. Moreover, at higher pump powers the local gain in the areas with a larger parametric signal will be lower than in other beam areas, due to the parametric gain decrease with signal power. This should equalize the intensity distribution in the parametric output beam. Clearly this picture, based purely on the local parametric gain and its dependence on the pump intensity distribution, does not explain our experimental observations. Moreover, the spectral width of the signal from a separate gain channel is about three times narrower than what would be expected from the parametric gain expression taking into account GVM.
Physical mechanism
The physical mechanism, which, we believe, is responsible for the formation of the "grainy" parametric intensity pattern in the near field, can be understood by considering the spatial and temporal evolution of spatial and temporal correlations during the parametric interaction in the nonlinear crystal. To illustrate the argument, it is useful to start from the standard nonlinear coupled wave equations describing a spatially and temporally broadband parametric interaction in nonlinear media without the Poynting vector walk-off, as is the case in the quasi-phase matched materials: Here A j = |A j |exp(iφ j ) is complex field amplitudes (j = p, s, i for the pump, signal and idler, respectively), from the electric field definition:
The nonlinear coupling coefficient is then
, k jz is the wavevector component along the axial propagation direction and n j represents the refractive indices at central frequencies ω j . ∇ 2 is the transversal Laplacian, which is needed when handling multi-transversal mode interacting beams, with vastly different diffraction properties. The coupled wave equations are written in the usual coordinate frame moving with the group-velocity of the pump, τ = t -z/ν gp , while the signal and the idler are related to it via appropriate GVM coefficients. The approximation of the non-dispersive propagation of quasi-monochromatic waves becomes insufficient in describing the temporal properties of a broadband parametric device, where the group-velocity walk-off between the interacting waves becomes comparable to the coherence length [26, 27] . Even though the pump in our experiment was in the form of long and relatively narrowband pulses (~30 GHz), the OPG bandwidth is about an order of magnitude larger, so the GVM effects are important. For simplicity we did not include group-velocity dispersion, which would become important for more broadband interactions.
Following [28] it is possible to write formally, from Eq. 4, the coupled wave equations for the first-order correlation functions: Here the angle brackets signify the ensemble average (involving integration over variables r 2 , τ 2 ), r ≡ (x, y) is the transversal coordinate and the subscripts at Laplacians indicate that they should be evaluated at the transversal position r 1 while the time derivatives are taken with respect to τ 1 . The right-hand sides of Eq. (5) contain triple correlation functions among the interacting fields. Although here they appear from a totally classical picture, they are reminiscent in the triple correlations found before in the context of evolution of the quantum-mechanical quasi-probability Wigner distribution for OPA [16] . For the case of the undepleted pump the first of Eq. 5 becomes homogeneous. Then the evolution of the signal and idler correlations will be driven by the cross-correlations of these fields and multiplied by the complex pump amplitude. This essentially provides a nonlinear mechanism for diffraction suppression in the parametric interaction. Obviously, Eq. (5) contains the same information as Eq. (4), but it gives a somewhat better insight in the context of the subject of this work.
In order to estimate the importance of the diffraction and GVM in relation to the strength of the nonlinear interaction, it is useful to introduce the characteristic length scales for each relevant effect, L D , L NL , L GVM , representing diffraction, nonlinear interaction, and GVM, respectively. It is well known that the field correlation functions as well as time-and space-dependent photon creation and annihilation operators in free propagation obey the wave equations of the form of homogeneous Eq. (5) [28, 29] . During the free propagation through the crystal the areas of initially established correlations, g p , g s and g i , would spread in the transversal plane by diffraction and they become separated in time due to the groupvelocity walk-off. The increase of the correlation radius a j due to diffraction areas can then be described by the equivalent solution for the expanding radius of Gaussian beams, namely:
Here λ j is the wavelength in vacuum. This allows us to define the effective diffraction length for the jth wave as L D,j = k j a j 2 , which is nothing else but the expression of the equivalent confocal parameter for spatial correlation areas. Taking the measured values of the spatial correlation width and assuming that the initial spatial correlation of the idler wave is equal to that of the signal, we deduce diffraction lengths for the signal and the idler of 2.91 and 0.62 mm, respectively. Due to diffraction, the initial FWHM of the correlation areas of interacting waves should increase to about 105 and 495 µm for the signal and the idler fields, respectively, after propagation through the 12 mm long PPKTP crystal. It seems that the diffracting signal and idler waves can play the role of coherent seeds for the rest of the pump beam. However, due to the uncorrelated phases of the pump field outside the initial correlation radius, as well as the superposition of the uncorrelated parametric fields originating from different initial pump beam areas, the average parametric gain outside the pump correlation radius should be strongly reduced [30] . Consequently, the signal field remains confined within the pump correlation radius where it experiences the maximum gain, giving rise to the beamlet structure in the near-field intensity distribution, as shown in Fig. 5 . Indeed, the experimentally determined FWHM radius of 7.5 µm of the signal channel is well within the FWHM coherence radius of the pump near field of 11 µm.
The characteristic nonlinear interaction length can be easily derived from the nonlinear coupled wave equations for the fields (Eq. (4)) by assuming a constant pump and phase-matched interaction of quasi-monochromatic plane waves. This gives an effective nonlinear interaction length as
For the experimental parameters at the OPG threshold and using an effective nonlinear coefficient in PPKTP of d eff = 10 pm/V, L NL will be equal to 3.2 mm. Importantly, at the OPG threshold the L NL approaches the characteristic diffraction length of the signal. At these pump intensities one would expect the parametric gain modifying the diffraction of the parametric waves and essentially forming parametric gain-guiding channels.
The group-velocity walk-off between the parametric waves is one possible mechanism which can affect the temporal correlation time of the parametric waves. The characteristic group-velocity walk-off length, defined as L GVM = τ pc γ si , is as long as 48 mm in the present case, or four-times longer than the nonlinear crystal. Because the L GVM is substantially longer than the L NL , the GVM has only marginal influence on the temporal coherence of the signal wave. The large L GVM just informs us that the spectral width (Fourier transform of the temporal autocorrelation) of parametric waves will be at most limited by the length of the crystal in correspondence with the experimental findings in the previous subsection.
The spectral width of about 0.1 nm determined for the signal radiation stemming from a single beamlet should be determined by the noncollinear TWM allowed within the geometrical restrictions of the gain channel. The angular dispersion of the signal caused by noncollinear interactions has been determined to be 4.1 mrad/nm for this particular PPKTP crystal [31] . This would correspond to the noncollinear internal angle of only 0.41 mrad in the gain channel, which is substantially smaller than the angle of 8.1 mrad expected from the pure linear diffraction of the signal channels inside the PPKTP crystal. On the other hand, this small angle would correspond to the noncollinear deviation of 5 µm over the length of the PPKTP crystal. This is actually very close to the measured average geometric radius of the gain channel.
If the range of noncollinear angles would have been determined by the linear diffraction, then we could have expected the signal spectral width of about 2.4 nm. The fact is that we have not observed that a broad signal spectrum once again confirms the physical picture where the parametric waves are confined within the gain channel and the geometry of this channel is determined by the spatial correlation of the pump field. The parametric waves propagating at larger angles experience a much smaller average gain or even a reduction in the amplitude, depending on the relative phases of the waves. Thus the limited spatial coherence of the pump field presents an intriguing mechanism which limits both the diffractive spreading of the parametric gain channel and, at the same time, narrows the spectral bandwidth of the parametric waves generated within the beamlets.
One might argue that the beamlets are the result of the filamentation of the optical beams in the nonlinear medium caused by Kerr self-focusing. However, we can rule out this effect in the present case, first, because self-focusing would first affect the pump wave, which has not been observed; second, it has a critical power of about 740 kW in KTP [32] , well above the peak powers used in our experiment (120 to 170 kW). In order to verify that the diffraction properties of the pump spatial correlation determines the shape and size of the parametric gain channels observed in the near field of the signal wave, we performed a simple experiment where we used a 0.5 mmwide slit aperture right after the pump focusing lens in order to induce an additional diffraction in the horizontal plane. The parametric signal beamlets generated with this pump acquired an asymmetric elliptical shape with a long axis of the ellipses aligned in the direction of a larger diffraction as shown in Fig. 8 .
Coherence enhancement in parametric devices
Based on the understanding of the near-field structure of the OPG signal, we can devise ways to enhance the coherence properties and brightness of parametric devices. For instance, the signal coherence time can be increased by selecting parallel parametric gain channels and suppressing noncollinear parametric interactions. The OPO cavity feedback can perform this type of directional gain selection. To prove this, we constructed a simple 3 cm-long OPO cavity around the PPKTP crystal by adding two plane mirrors with the reflectivity of 99 and 50% at the signal wavelength and high transmission at the pump and idler wavelengths. The pump focusing conditions were the same as in the OPG case. Operating the OPO at 2.5 times above the threshold of 78 µJ, the signal coherence time increased to 6.2 ps which corresponds to the spectral bandwidth of 0.1 nm, i.e. approximately the spectral extent of a single signal channel. The spatial correlation width of the OPO signal in the near-field, on the other hand, was 0.32 × w s , where w s is the signal near-field radius (see Fig. 9 ). Notably, the spatial coherence of the OPO signal is already threetimes higher than that measured for the pump beam. However, the fact that the signal field originates from an ensemble of largely uncorrelated gain channels puts a limit on the spatial coherence which results in a non-diffraction-limited beam. From the development above it is clear that in order to increase further the spatial coherence of the parametric field, the multimode pump has to contain a single highly correlated intensity peak in the near field. Multiple-pump beam interference in the near field automatically selects mutually coherent parts of the pump field. In cylindrical symmetry, the intensity pattern of this interference takes the shape of the distribution corresponding to the zeroth-order Bessel function. These patterns, commonly called Bessel-Gauss beams, can be thought of as a superposition of Gaussian beams arranged on a cone [33] . This approach has an important advantage because the interference automatically selects the coherent parts of pump beams and, at the same time, produces regular maxima in the pump intensity distribution, where the parametric gain preferentially occurs. This superposition produces a sharp and extended "nondiffracting" intensity peak along the cone axis so that the parametric gain channel is ideally located along a single line.
Bessel-Gauss beams are most efficiently produced by axicon prisms where the complete power of the pump can be utilized. We constructed a Bessel-Gauss pumped PPKTP OPG by replacing the pump focusing lens with an axicon prism with an apex angle of about 178°. The same multimode pump beam was used for excitation. The nearfield distribution of the OPG signal consisted of a single smooth Gaussian beam (see Fig. 10(a) ). Imaging the signal beam through the Michelson interferometer with image flipping revealed that the signal in the near field was perfectly spatially coherent (see Fig. 10(b) ), which ensured a diffraction-limited far-field divergence. Due to a relatively broad parametric gain channel (1/e 2 intensity radius of 59 µm) the OPG signal spectrum was broadened by noncollinear parametric interactions to about 0.17 nm, which corresponds well with the measured temporal coherence time of 3.5 ps. As the Bessel-Gauss-pumped OPG contains only one gain channel in the near field, a simple OPO cavity feedback is very effective in narrowing the signal spectrum. Indeed, the signal from a short (3 cm) cavity OPO with both planeplane mirrors, pumped by the Bessel-Gauss beam, had perfect spatial coherence and temporal coherence time of 26 ps, which exceeded that of the pump. 
Conclusions
We have shown that the interplay of the coherence properties of a multi-transversal mode pump wave and parametric waves leads to a structured intensity distribution in the near field of the signal wave. More specifically, this structuring in optical parametric generators, seeded by quantum noise and thermal excitations, occurs when the characteristic nonlinear interaction length L NL becomes close to the characteristic diffraction length of the parametric signal, L D . In turn, this diffraction length is determined by the area of spatial correlation of the multi-transversal mode pump. The nonlinear interaction then effectively suppresses the diffraction within the parametric gain channels, a mechanism akin to that in formation of spatial solitons. The signal radiation within each of the parametric gain channels maintains excellent spatial coherence. Correspondingly, the spectral width of the radiation generated within the gain channel is primarily determined by the transverse degree of freedom for the wavevectors within the geometry of the channel. It was found that the simplest physical picture which would explain the experimental observations is in terms of the nonlinear evolution of pump, signal and idler correlation functions. The nonlinear coupled wave equations for the correlation functions include the triple correlations of interacting fields. In the future, it would be interesting to develop a fully quantum-mechanical picture for the nonlinear evolution of the spatio-temporal moments for coherent and mixed states. Such structuring of the parametric gain in the nonlinear medium obtained with a partially spatially coherent pump is most easily observed in highly nondegenerate TWM interactions, where the diffraction of the signal and idler are very different. Importantly though, these insights give a very useful recipe of how to change the spatial and temporal coherence properties of the radiation generated in parametric devices. In particular, we demonstrated this by employing conical beam pumping using partially-coherent multimode Q-switched laser radiation.
By giving a rather intuitive physical picture of the emergence of coherent parametric radiation in the TWM interaction seeded by uncorrelated noise and pumped by partially coherent beams, we left aside a practical question of how efficient this process of "coherence distillation" can be. A simplistic answer, and one which does not violate the second law of thermodynamics, could be that the efficiency should scale as a square of the ratio of the pump spatial coherence radius to the pump beam radius. However, at least for Bessel-Gauss beam pumping this is not the case and the efficiency could be much higher [22] due to the fact that one of the parametric waves is quickly removed from the central peak region by the requirements of momentum conservation. Therefore, the signal can be further amplified along the central peak of the Bessel distribution without phase constraints. 
